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Abstract 26 
A photogrammetric flight was performed in December 2016 as BVLOS (Beyond Visual Line 27 
of Sight) operation over Penguin Island (South Shetland Islands, Western Antarctica). Images 28 
were taken by the PW-ZOOM fixed-wing UAV equipped with a digital SLR Canon 700D 29 
camera. The flight was performed at 550 m ASL and covered a total distance of 231.58 km. 30 
The plane take-off and landing site was near the H. Arctowski Polish Antarctic Station 31 
(Arctowski) on King George Island, South Shetlands. The main aim of the mission was to 32 
collect environmental data to estimate the size of penguin and pinniped breeding populations 33 
and to map vegetation cover and landforms. The plane returned to Arctowski with 1630 34 
images of Penguin Island with the ground sample distance (GSD) lower than 0.07 m. The 35 
images allowed us to locate and identify individuals of two penguin species (Adélie and 36 
chinstrap), and individuals of two species of pinnipeds (Southern elephant seal and Weddell 37 
seal). Three types of tundra communities were mapped together with numerous landforms 38 
such as: volcanic, mass movement, fluvial, coastal and aeolian ones. The UAV BVLOS 39 
photogrammetric operation proved to be very robust in gathering valuable qualitative and 40 
quantitative data necessary for monitoring distant and isolated polar environments.  41 
 42 
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Research highlights:  47 
 UAV BVLOS operation has been successfully performed in Antarctic conditions. 48 
 Pictured island was located over 30 km away from take-off and landing site. 49 
 Orthophoto with a resolution of 0.07 m and DEM of 0.25 m was created.  50 
 Precise maps of fauna, flora, and landforms of Penguin Island were drawn. 51 
 We recommend UAV BVLOS operations for monitoring of desolate polar environments 52 
 53 
1. Introduction 54 
The Western Antarctic Peninsula is considered an important indicator of global 55 
climate change (Turner et al., 2009) due to the very high rates of recent environmental 56 
transformations and sensitivity of polar terrestrial ecosystems (Chwedorzewska, 2009), and 57 
therefore it focuses the attention of researchers from different fields of Earth Sciences. 58 
However, effective surveys of Antarctic environment have a lot of limitations. Small and 59 
isolated ice-free areas (oases) are frequently separated by hundreds of kilometers of natural 60 
barriers like glaciers or open sea (Convey et al., 2014). This makes systematic terrestrial 61 
surveys usually limited to small and easily accessible areas, located mainly in the vicinity of 62 
research stations with favorable topography and good microclimatic conditions where 63 
appropriate infrastructure is available (Terauds et al., 2012; Calviño-Cancela and Martín-64 
Herrero, 2016). Due to a high cost of expeditions, logistic difficulties and very harsh 65 
environmental conditions, vast areas are still unexplored with some sites being virtually 66 
inaccessible. Such areas frequently host untouched diverse tundra communities (Androsiuk et 67 
al., 2015) and permit natural succession on landforms which undergo constant remodeling due 68 
to recent deglaciation, periglacial, coastal and sometimes volcanic processes (Zwoliński, 2007; 69 
Guglielmin, 2012). When good access to coastline is provided, such areas attract marine 70 
animals (birds and pinnipeds) which gather in huge breeding colonies (e.g. Jabłoński, 1984; 71 
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Trivelpiece et al., 1987; Salwicka and Rakusa-Suszczewski, 2002; Korczak-Abshire et al., 72 
2012; Sierakowski et al., 2017). This combination constitutes sites of high ecological value 73 
and vulnerability to deleterious human impacts (Pfeiffer et al., 2007; Chwedorzewska and 74 
Korczak, 2010; Braun et al., 2012; Znój et al., 2017).  75 
Remote sensing seems to be a powerful tool to detect environmental changes over 76 
difficult-to-reach terrain. Therefore, medium, high and very high-resolution satellite imagery 77 
has been used in Antarctic for ecosystem mapping and monitoring (Barber-Meyer et al., 2007; 78 
Lynch and Schwaller, 2014; Fretwell et al., 2011, 2015; McMahon et al., 2014; Pudełko et al., 79 
2018), but its accuracy and reliability are still to be fully evaluated (Ancel et al., 2014). 80 
Satellite images proved to be especially useful in direct estimation of fauna populations 81 
(McMahon et al., 2014). To estimate the population size and trends of marine birds, mainly 82 
penguins, the images obtained from satellite (Barber-Meyer et al. 2007; Fretwell and Trathan 83 
2009; Fretwell et al., 2012; Schwaller et al., 2013; LaRue et al., 2014; Lynch and Schwaller, 84 
2014; Witharana and Lynch, 2016; Mustafa et al., 2017), manned aircraft, i.e. helicopters 85 
(Jabłoński, 1984; Trathan, 2004; Southwell et al., 2013) and planes (Chamaille-Jammes et al., 86 
2000; Southwell and Emmerson, 2013) were used. However, obtaining satellite imagery 87 
material in appropriate time, according to the birds breeding chronology and in a sufficient 88 
quality is still problematic, especially in the Antarctic Peninsula region, due to frequent 89 
occurrences of dense cloud cover and mist (Mustafa et al., 2012). Manned aircraft, although 90 
commonly used in Antarctica (after Goebel et al., 2015; Mustafa et al., 2017; Krause et al., 91 
2017) can gather data with a much higher resolution but their usage is limited due to lack of 92 
infrastructure, very high exploitation cost and potential intrusive influence for wildlife 93 
(Harris, 2005; Hughes et al., 2008; Watts et al., 2012; Christie et al., 2016).  94 
Multidecadal warming and resulting geomorphic changes on South Shetland Islands 95 
(Zwoliński, 2007; Kejna et al., 2013) attract geomorphologists to map the area using 96 
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conventional aerial photography and satellite images based on visual light (López-Martínez et 97 
al., 2012) or radar radiation (Schmid et al., 2016). Fixed-wing UAV operations in geomorphic 98 
mapping are still seldom used (Dąbski at al. 2017) in the Antarctic region. Owing to the 99 
development of the autonomous controllable micro-airplanes technology, platforms intended 100 
for the task flights within the Antarctic areas (Goetzendorf-Grabowski and Rodzewicz, 2017) 101 
can be constructed, but this technology is still new in collecting environmental data in polar 102 
regions (Zhou, 2009; Watts et al., 2012; Dąbski et al., 2017) and requires further development. 103 
UAVs bridge the scale gap between field-based observations and full-scale airborne or 104 
satellite surveys (Anderson and Gaston, 2013; Berni et al., 2009; Lucieer et al., 2014). 105 
However, there are significant differences in the UAV platforms used (rotary- or fixed-wing) 106 
and the resolution of the imagery collected. The advantage of a fixed-wing UAV is that it 107 
allows us to cover significantly larger surface with high-resolution images in one flight, 108 
especially during the Beyond Visual Line Of Sight (BVLOS) surveys. Moreover, such 109 
platforms fly faster than rotary ones, thus being more resistant to strong, unpredictable 110 
Antarctic winds up to 23 ms
-1
 (Korczak-Abshire et al., 2016; Dąbski et al., 2017), and exert 111 
only a minor impact on animals (Korczak-Abshire et al., 2016) in comparison with the rotary 112 
wing platforms (Vas et al., 2015; Rümmler et al., 2016).  113 
The aim of this study is to show methodology of our BVLOS fixed-wing UAV flight 114 
in the maritime Antarctic, and to show results of environmental data acquisition over Penguin 115 
Island located at a significant distance from the station facility (take-off and landing site). 116 
During the 2016 summer season, the UAV was deployed 12 times from the vicinity of the 117 
Henryk Arctowski Polish Antarctic Station (Arctowski) and digital data on fauna, flora, and 118 
landforms has been collected from King George Island (KGI) and its surroundings in the 119 
South Shetland Islands, maritime Antarctica (Fig. 1). The operation was conducted as part of 120 
the project "A novel approach to monitoring the impact of climate change on Antarctic 121 
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ecosystems (MONICA)". One of the flights was performed over distant Penguin Island 122 
located near the SE coast of KGI, at the entrance to King George Bay.  123 
 124 
 125 
Fig. 1. Location of all photogrammetric flights performed during summer season 2016 based on 126 
Arctowski; the total area covered was 34.51km
2
 (marked in dark grey). Selected UAV flight route to 127 
Penguin Island is marked in scatter line. [The coastline of the island on the basis of the SCAR King 128 
George Island geographic information system project (http://www.kgis.scar.org/)]. 129 
 130 
2. Methods 131 
The date of flight (1 December 2016) was determined using the breeding chronology 132 
data of the investigated animal species, on the basis of each day direct ground observations in 133 
easily accessible colonies located near Arctowski. On the date of the flight, most non-134 
breeding penguins had left, and the breeding population remaining at the site was composed 135 
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almost entirely of single adult individuals on their nests incubating eggs. Moreover, very 136 
limited snow cover in December permitted imaging of flora communities and landforms. 137 
 138 
2.1. UAV specifications 139 
The unmanned aerial vehicle PW-ZOOM (Fig. 2, Table 1) was designed, 140 
manufactured and tested at the Warsaw University of Technology in Poland (Goetzendorf-141 
Grabowski and Rodzewicz, 2017; Rodzewicz et al., 2017).  142 
 143 
 144 
Fig. 2. Unmanned Aerial Vehicle PW-ZOOM on King George Island. 145 
 146 
The aircraft was equipped with an automatic control system (autopilot) linked with 147 
a telemetry module (Table 2). A similar module was applied in the Ground Control Station, 148 
which was connected to the computer with special software HORIZONmp (MicroPilot, Stony 149 
Mountain, Canada) for planning the flight path and managing the UAV flight. In order to 150 
collect the photogrammetry data, the UAV was equipped with the system consisting of the 151 
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photo-camera (Table 3) linked with the GPS and the special bed for vibroisolation and impact 152 
protection of the camera. A special slot in the bottom of the fuselage protected a camera lens 153 
during the landings. In order to adapt the aircraft to operations in low temperatures, 154 
the carburetor of the engine, and the Pitot tube (i.e. airspeed sensor) had deicing protection. 155 
Also, the front of the fuselage was strengthened, which made it possible to land without 156 
damaging the equipment while landing on rough surfaces (on stones or ice). 157 
 158 
Table 1. Technical specifications of the UAV platform. 159 
UAV TYPE PW-ZOOM 
Wingspan 3.19 m 
Wing area 1.29 m2 
Wing airfoil Eppler E-205 
Engine 2-Stroke 3.58 kW (DLE40) 
Propeller 19x10'' 
Optimal cruise speed 100 - 110 km/h 
Max. speed of horizontal flight 160 km/h 
Max. take-off weight 23 kg 
Payload 3.5 kg 
Max. operational range 
 
160 km (330 km with the extended tank mounted 
instead of parachute system) 
Tolerable wind speed limit 23 ms-1 
Autopilot MP2128g produced by MicroPilot (Canada) 
GPS TIM-4P GPS modules 
Telemetry module YM6500, SATELLINE – EASY 
Telemetry range 25 km 
Fuel 95 octane gasoline /2-stroke oil 30:1 mixture 
 160 
Table 2. Specification of autonomous flight equipment. 161 
DEVICE PARAMETERS 
AUTOPILOT: MP2128g  produced by MicroPilot (Canada) 
Main features:  GPS waypoint navigation with altitude and airspeed hold, 
fully integrated with 3-axis gyros/accelerometers, GPS, 
pressure altimeter, pressure airspeed sensors, extensive data 
logging and telemetry link. 
Sensors: 
 
 4 Hz Ublox GPS receiver 
 5G 3-axis accelerometers 
 gyros of 250º/sec maximum rotation rate  
Ground control software:  HORIZONmp 
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Operating temperature range: -20°C – +65°C 
Telemetry Module:  YM650 SATELLINE – EASY produced by SATEL 
Company, Finland 
Frequency 403 – 473MHz 
Carrier power 100, 200, 500, 1000 mW 
Communication Mode Half-Duplex 
Input Voltage 6 – 30V/1A DC 
Interface Port 1: RS-232/Port2: RS-232/422 
Data speed of Serial Interface 300 – 38400 bps 
Weight 254 g (without cables and antenna) 
Operational Temperature Ranges -25°C – +50°C (ETS Standard),  
-40° C – +75°C (absolute min./max.) 
Ground station telemetry antenna: CA450Y+TNC (440-475MHz) 
UAV telemetry antenna: RMILEC SR771 UHF435MHz 
 162 
Table 3. Type of camera used in the experiment. 163 
CANON 700D PARAMETERS 
Image sensor 22.3 x 14.9mm CMOS 
Pixels 18 
Lens 35mm f / 2.0 
Image RAW, JPEG 
Communication and connectors 
 
USB 2.0 Hi-Speed (Mini-B), 
Output video (PAL/ NTSC), 
Output mini HDMI typu C (HDMI-CEC), 
Output RS-60E3, 
Remote control RC-6, 
Receiver GPS GP-E2 
Power LP-E8 (7.2 V, 1120 mAh) 
Recorder Secure Digital (SD/SDHC/SDXC) 
Weight with the lens &battery 1200g 
 164 
The range of telemetry communication depends on the power adjustment setting of the 165 
modem, as well as on the kind of antennas used in the ground station and on the plane, and 166 
also on the environmental conditions. It was empirically proved that if the power of 167 
transmission is set to 1W and there are no obstacles between the antennas, then the range of 168 
telemetry is at least 30 km. It was also checked for long-range transmission that the best 169 
option was to set the transmission speed to 4800 bps (i.e. lowest value).  170 
 171 
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2.2. Flight details 172 
The flight was performed on 1 December 2016 by a three-person team: the remote 173 
control pilot, the ground control station operator and the technical operator. All team members 174 
had licenses to operate BVLOS flights.  175 
The take-off and landing site was located near Arctowski, 30 km away in a straight 176 
line from Penguin Island. The take-off was carried out with the launcher, while landing was 177 
done on a small ground field near the beach (about 100 m long). The flight path was in the 178 
form of a photogrammetry grid (Fig. 3). The distance between the grid lines was 70 m (which 179 
provided 70% forward and side overlap), the length of the lines was 4100 m, and flight 180 
altitude 550 m ASL. Total distance covered during the flight was 230 km (Table 4). In order 181 
to maintain safety rules during the flight and proper telemetry, the planned altitude of the 182 
flight was determined by the ground surface features such as glacier caps, nunataks or hills. 183 
The chosen altitude of flight allowed us to obtain digital images with a ground sampling 184 
distance (GSD) of 0.07m. Flight routes were prepared in HORIZON
mp 
software.  185 
 186 
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 187 
Fig. 3. Fight path above Penguin Island. 188 
 189 
Table 4. The parameters of the aerial survey to the Penguin Island performed on 1 December 2016. 190 
PARAMETERS 
UAV PW-ZOOM 
Distance 230 km 
Cruise speed 102.6 km/h 
Total time of flight 2h 14 min 30 s 
Camera set Canon 700D with 35mm lens (RGB) 
Number of images 1630 (format: RAW) 
GSD 0.07 m 
  191 
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2.3.Data processing  192 
The images were obtained in RAW format during the flight and converted to JPEG 193 
format in the Digital Photo Professional version 3.13.0.1 (Canon INC) software. All images 194 
had georeferences (X, Y, Z) registered by the autopilot logger mounted on UAV. Images 195 
showing Penguin Island were processed into an orthophoto with a resolution of 0.07 m and a 196 
Digital Elevation Model (DEM) of 0.25 m resolution in the original WGS84 coordinate 197 
system. The Agisoft Photoscan Professional software Version 1.3.2 build 4205, 64bit (Agisoft 198 
LLC.) and Structure from Motion (SfM) algorithm were used to create the orthophoto and 199 
DEM. In order to obtain data on fauna, flora, and landform, the orthophoto was converted to 200 
the UTM system, zone 21S (EPSG:32721) in ESRI (Environmental Systems Research 201 
Institute) ArcGIS 10.3 software. 202 
Censuses of penguin breeding population size, expressed in the number of occupied 203 
nests visible on the orthophoto were done in ESRI ArcGIS 10.5 software by 204 
photointerpretation using gridcell-by-gridcell method (e.g. Hodgson et al., 2016). Three 205 
separate counts of individuals occupying nests in each of the breeding groups in both colonies 206 
identified on the orthophoto were carried out by the experienced photo interpreter. Each of the 207 
results obtained differed by no more than 10%, and the mean value [ ] was calculated; see 208 
recommendations of CCAMLR (2014), A3A and A3B standard methods for monitoring 209 
parameters of predator species. “Calculate geometry” option in ESRI ArcGIS 10.5 software 210 
was used for estimating the size of polygon areas occupied by the birds. 211 
The range of plant communities was indentified on aerial photographs and vectorised  212 
using ESRI ArcGIS 10.5 software. Photointerpretation in scale 1:300 was made by a qualified 213 
person who also conducted direct ground observations in 2008/2009 Antarctic summer season 214 
(Chwedorzewska unpublished data), when five dominated tundra communities were identified 215 
and map. 216 
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Identification of landforms was based on previous findings of Birkenmajer (1979, 1982) 217 
and on the analysis of UAV images and DEM obtained. The landform were manually 218 
vectorised using  ESRI ArcGIS 10.5 software based on careful analysis of orthophoto usually 219 
in a scale 1:800, but some cases down to 1: 100 (when vectorizing very small landforms, e.g. 220 
volcanic bombs, outcrops of bedrock, erosional furrows), DEM (at different angles and 221 
scales), and comparison with previous geological maps (Birkenmajer 1979, 1982; Pańczyk 222 
and Nawrocki, 2011), and our knowledge of typical landforms such as braided channels, 223 
creep terraces, dunes. For example, we draw flanks of Deacon Peak using manually depicted 224 
lower edifice boundary along relief concavity at foothills and manually depicted crater rim 225 
(clearly visible crest line). No specific algorithm was used. Small landforms such as fluvial 226 
channels, creep terraces or dunes could be vectorised based on a spatial arrangement of color 227 
or intensities (image texture). The smallest identified and vectorised (mapped) landform was 228 
one of the volcanic bombs, and has an area of 0.170388 m
2
 in reality. 229 
 230 
3. Study site 231 
Penguin Island measures 1750 m N-S and 1500 m E-W and is located about 0.75 km 232 
south of King George Island, at the western entrance to King George Bay (Fig. 1). The island 233 
is under the influence of a relatively warm Bransfield Current originating from the 234 
Transitional Zonal Water with Bellingshausen Sea influence (Sangrá et al., 2011), and 235 
maritime climate conditions with air temperature frequently crossing 0°C in each month of 236 
the year, high humidity and strong winds (Rakusa-Suszczewski, 2002). The island is a resting, 237 
breeding and forage area for marine birds and pinnipeds (Jabłoński, 1980, 1984; Naveen et al., 238 
2000; Pfeiffer and Peter, 2004; Sander et al., 2007; Korczak-Abshire et al., 2012; Harris, 2015) 239 
and it hosts scattered, dry tundra communities. The main landforms of the island are the 240 
principal cone of the Deacon Peak stratovolcano (180 m a.s.l.), situated in the SW part of the 241 
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island, and the Petrel Maar developed at the foothills of the stratovolcano near the eastern 242 
coast of the island and hosting a lake (Fig. 4). The island was formed in result of volcanic 243 
activity connected with the opening of the Bransfield Straight in the Pliocene (Birkenmajer, 244 
1979, 1982; Pańczyk and Nawrocki, 2011).  245 
 246 
Fig. 4. 3D view on Penguin Island from S, based on UAV images. 247 
 248 
4. Results 249 
Below, we present the results of detailed qualitative and quantitative UAV image and 250 
DEM analyses which focus on fauna, flora and landforms of Penguin Island.  251 
 252 
4.1. Fauna  253 
The high-resolution orthophoto allowed us to map eight breeding groups of Pygoscelid 254 
penguins, in two colonies situated in the northeastern (NE) and southwestern (SW) part of the 255 
island (Fig. 5). On the basis of published data (e.g. Pfeiffer and Peter, 2004, Sander et al., 256 
2007) and own direct ground observations from previous years, it was assumed that NE 257 
breeding site consists of only one Pygoscelis species: chinstrap (P. antarcticus), while in the 258 
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SW two species: chinstrap and Adélie (P. adeliae) nest together. Body size of adult individual 259 
of Adélie measures 70-71 cm and chinstrap penguin 67-76 cm (Shirihai 2002), which is 260 
enough to be clearly seen on the images of spatial resolution 0.07 m. Individuals occupying 261 
nests in both colonies were identified on the orthophoto (Fig. 5A) and counted using the 262 
method described in section 2.3.  In total 4,109 occupied nests of chinstrap and Adélie were 263 
identified in NE and SW parts of the island (Fig. 5, Tables 5, 6). In the case of Adélie and 264 
chinstrap penguins the internest distances for both species are comparable (43.2±1.3 cm 265 
Adélie; 59.2± 2.2 cm chinstrap) and significantly shorter than for the third Pygoscelis species 266 
breed in this region, gentoo (P. papua) (74.3±3.8 cm) (Volkman and Trivelpiece, 1981). The 267 
structure and distribution of individuals occupying nests identified in the breeding groups 268 
within analyzed orthophoto corresponds with the characteristic for preferences of two 269 
identified species (Fig. 5B, 6). 270 
 On the NE part of the Island four breeding groups of chinstrap penguins were recorded 271 
and consisted of 3,504 (SD=48.3) individuals occupying nests (Table 5). The number of 272 
chinstrap and Adélie occupied nests in mixed colony on SW coast of island was estimated at 273 
605 (SD=19.5). These birds formed four groups and several scattered nests (Table 6).  274 
 275 
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 276 
Fig. 5. Localization of investigated fauna species: pinniped individuals (Mirounga 277 
leonina and Leptonychotes weddellii), and penguin breeding colonies NE (P. antarcticus), 278 
SW (P. antarcticus and P. adeliae); based on UAV images (vectorised in ESRI ArcGIS). The 279 
number of breeding groups according to Table 5 and 6. The border of polygon areas occupied 280 
by the birds incubating eggs marked in green and yellow. 281 
 282 
 Additionally, 6 pinniped individuals: 3 of the southern elephant seal (Mirounga 283 
leonina) and 3 of the Weddell seal (Leptonychotes weddellii) (Fig. 5, 5A, 5B) were identified 284 
on the NE coast in the vicinity of penguin breeding colony. Species were identified based on 285 
the analysis of following traits: pelage patterns and colors, shape and size of seals in the 286 
image (see Fig 5B). Among four species of pinnipeds characteristic for the Penguin Island 287 
(Jabłoński, 1980), only these two were identified; neither crabeater seal (Lobodon 288 
carcinophaga) nor fur seal (Arctocephalus gazella) were observed, contrary to our 289 
expectations (Salwicka and Rakusa Suszczewski, 2002). 290 
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 291 
Fig. 5A. A part of analyzed orthophoto with localization of investigated fauna species: 292 
individuals of pinniped     M. leonina and     L. weddellii; individuals of P. antarcticus 293 
penguin concentrated in four breeding groups of NE colony (borders of polygons marked in 294 
green; vectorised in ESRI ArcGIS).  295 
 296 
Table 5. Number and size of polygons identified on the orthophoto as penguin breeding 297 
groups; number of occupied nests of P. antarcticus identified in the colony situated on NE 298 
coast of Penguin Island. 299 
SPECIES GROUP No. 
POLYGON 
SIZE 
[m2] 
I NEST 
CENSUS 
II NEST 
CENSUS 
III NEST 
CENSUS 
AVERAGE 
NUMBER 
OF NEST [
] 
STANDARD 
DEVIATION 
P. antarcticus 1 904 1346 1429 1349 1375 47.080 
P. antarcticus 2 38 58 57 56 57 1.000 
P. antarcticus 3 31 55 57 54 55 1.530 
P. antarcticus 4 1352 2006 2015 2030 2017 12.120 
TOTAL 2325 3465 3558 3489 3504 48.3 
 300 
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Table 6. Number and size of polygons on the orthophoto identified as penguin breeding 301 
groups; number of occupied nests of P. antarcticus and P. adeliae identified in the mixed 302 
colony situated on SW coast of Penguin Island. 303 
SPECIES 
GROUP 
No. 
POLYGON 
SIZE 
[m2] 
I NEST 
CENSUS 
II NEST 
CENSUS 
III NEST 
CENSUS 
AVERAGE 
NUMBER 
OF NESTS 
[ ] 
STANDARD 
DEVIATION 
P. antarcticus/ P. adeliae 5 11 24 24 24 24 0.000 
P. antarcticus/ P. adeliae 6 20 40 34 36 37 3.060 
P. antarcticus/ P. adeliae 7 13 17 17 18 17 0.580 
P. antarcticus/ P. adeliae 8 341 529 508 543 527 1.762 
TOTAL 385 610 583 621 605 19.5 
  304 
 305 
Figure 5B. Imagery of sampled colony of penguin and pinnipeds on remote Penguin Island: (a) 306 
chinstrap penguin P. antarcticus NE breeding group No. 4 (b) Adélie penguin P. adeliae (c) 307 
elephant seal M. leonina individuals (d) Weddell seal L. weddellii individuals. The main left 308 
images of analyzed orthophoto was captured by the UAV to make estimates of the number of 309 
individuals for each species. The middle inset of each panel is a magnified view of the left 310 
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image. Right insets illustrate the example of vantage of a ground census. The right insets are 311 
not to scale (photo by M. Korczak-Abshire). 312 
 313 
 314 
Fig 6. Example of characteristic and definite structure and distribution of individuals 315 
occupying nests identified in the breeding groups of three different Pygoscelis penguin 316 
species: a) gentoo, b) Adélie, c) chinstrap. UAV derived material, 16 Nov 2014, RGB images, 317 
GSD 0.05 m (according to Zmarz et al. 2015). 318 
 319 
4.2. Flora 320 
On the breeding penguin colony, all the vegetation has been devastated due to 321 
excessive manuring and treading down by birds. Only ornithocoprophilus lichens can be 322 
recorded on stones and rocky cliffs. But in the marginal zone of penguin breeding area 323 
appeared a dense cover of green algae Prasiola crispa (Lightfoot) Meneghini and individual 324 
big tussocks of Deschampsia antarctica Desv. appeared at less exposed to direct contact with 325 
guano sites (Fig. 7). However, shortly after the breeding season, the rookeries were colonized 326 
by P. crispa, which can rapidly develop extensive mats covering the whole area, thus this 327 
community can be easily identified from images. 328 
The south and central parts of the Deacon Peak are almost devoid of vegetation, due to 329 
steep slopes covered by loose and unstable substratum (Fig. 7). The north flat, windswept part 330 
of the island with limited access to nutrients hosts relatively diverse cryptogamic dry tundra 331 
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dominated by bryophytes mainly Polytrichum juniperinum Hedw. and P. piliferum Hedw. 332 
mixed with lichen Ochrolechia frigida (Sw.) Lynge and scattered tussocks of two 333 
angiosperms: D. antarctica and Colobanthus quitensis (Kunth) Bartl. Tundra communities 334 
developed near the northern coast are dominated by two flowering plants: D. antarctica and 335 
C. quitensis, which can form (especially D. antarctica) dense patches. The identification of 336 
tundra community was based on direct ground observation conducted in 2008/2009 summer 337 
season where five dominated tundra communities were identified and mapped. However,  338 
photointerpretation of our UAV images allowed the identification of only four types of 339 
communities. Exposed and very dry sites were habitats of fruticose lichens mainly Usnea 340 
antarctica (Du Rietz) and U. aurantiaco-atra (Jacq.), but the lichen covered surfaces were 341 
impossible to be mapped on the UAV images. 342 
 343 
 344 
Fig. 7. Map of vegetation on Penguin Island, based on UAV images (vectorised in ESRI ArcGIS). 345 
 346 
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4.3. Landforms 347 
We were able to map 10 landforms of volcanic origin, 3 of mass movement landforms, 348 
5 fluvial, 1 aeolian, and 3 coastal landforms. Additionally, all snow patches, a lake and other 349 
surfaces of not recognized origin were distinguished (Fig. 8). 350 
 The Deakon Peak crater is about 360 m wide and hosts secondary landforms such as 351 
the central cone with its little crater. A small volcanic plug and several small residual ridges 352 
constituting outcrops of the Deakon Peak Formation (DPF) are visible inside the crater and 353 
were mapped previously (Birkenmajer 1979, 1982; Pańczyk and Nawrocki, 2011). The 354 
western flank of the stratovolcano is modified by a landslide which produced a large scar and 355 
excavated numerous small ridges of the DPF (Fig. 4, 8). The landslide was probably triggered 356 
by the eruption of a submarine maar immediately west of the stratovolcano (Birkenmajer, 357 
1979, 1982). The eastern rim of the principal cone is depressed and the slope below shows 358 
signs of mass movement which ended close to the SW side of the Petrel maar. We interpreted 359 
this as a scoria flow which occurred after 1979 AD, because it is absent on the sketch map of 360 
Birkenmajer (1979, 1982). The minimum age of the flow is also unknown because later 361 
publications (Pańczyk and Nawrocki, 2011; Angiel and Dąbski, 2012) duplicated the 362 
abovementioned map of Birkenmajer (with minor modifications) and show no scoria flow. It 363 
is, therefore, possible that the landform is very recent.  364 
Erosional furrows developed in the lower parts of the principal cone, especially on its 365 
northern slopes, and they were not depicted on any previously published map. They 366 
sometimes evolve into episodic river channels lined with the system of fluvial landforms, 367 
abundant in the northern part of the island.  368 
Close to the foothills of the SE flank of the stratovolcano, there is a field of small 369 
arched landforms indicating slow downlope movement, and interpreted by us as creep terraces. 370 
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These landforms were not mapped previously, presumably because they constitute only a 371 
minor modification of outer slopes of the volcano. 372 
Immediately south of the terraces, at the volcano foothills, there is a little field with 373 
little light-yellow ridges orientated parallel to each other which we interpret as dunes. Similar 374 
landforms were found around a little pond located within the reach of the scoria flow. These, 375 
presumably aeolian landforms were not depicted on former maps (Birkenmajer 1979, 1982; 376 
Pańczyk and Nawrocki, 2011). 377 
The Petrel maar crater, with a similar diameter to that of the principal cone, has steep 378 
internal slopes with outcrops of rocks belonging to the Marr Point Formation (Birkenmajer, 379 
1979). A lake, 18 m deep, fills the bottom and serves as climate change record since Medieval 380 
Period (Wasiłowska et al., 2017). Numerous volcanic bombs can be seen around the flanks of 381 
the maar testifying for a violent eruption of the maar, possible between 1500BP and 1250BP 382 
(Wasiłowska et al., 2017). Our orthophoto and DEM did not allow us to map the extend of the 383 
maar flanks, visible on the map of Birenmajer (1979, 1982), because the slopes are too gentle. 384 
However, unlike former studies, we were able to map numerous outcrops of the Marr Point 385 
Formation rocks. They occur alternately with a system of shallow dry valleys, remodeled by 386 
rain and melt waters which drain into straight or braided river channels developed on valley 387 
floors.  388 
Around the island, there is a system of raised marine terraces (Birkenmajer, 1979) but 389 
we were unable to clearly vectorise them on UAV images. However, active coastal landforms 390 
such as beaches and cliffs, in places modeled by rockfalls, were detected. Beaches are best 391 
developed along the northern coast, where the mean altitude of island surface is not 392 
significant. Cliffs are typical for the southern coast and indicate that the base of the Petrel 393 
Maar and the Decon Peak stratovolcato is currently subject to intensive lithoral erosion. 394 
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 395 
Fig. 8. Landforms of Penguin Island, based on UAV images (vectorised in ESRI ArcGIS). Image B 396 
shows a marginal part of a scoria flow, a dry lake and a few volcanic bombs, image D shows creep 397 
terraces developed on flanks of Deakon Peak volcano. 398 
 399 
5. Discussion 400 
The mission to collect multidisciplinary data in Antarctic conditions during the fixed-401 
wing UAV BVLOS operation was successful. It demonstrated that high-quality data could be 402 
gathered from distant and isolated areas. A traditional survey on Penguin Island requires more 403 
than two hours of one way trip by a dinghy at open sea (minimum two boats for safety 404 
reasons) from Arctowski, and a couple of fieldwork days. Under harsh, rapidly changing 405 
weather conditions typical for the maritime Antarctic (Kejna et al., 2013), this kind of mission 406 
is very difficult, risky and time-consuming. Our previous study already showed that the use of 407 
PW-ZOOM UAV in this region seems to be much more efficient in comparison with 408 
traditional observation in the field (Dąbski et al. 2017) or even with other remote sensing 409 
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techniques, like e.g. satellite (Mustafa et al. 2012). However, to reach the target located 30 km 410 
from Arctowski, the mission required the BVLOS flight.  411 
5.1. Previous Antarctic UAV BVLOS operations 412 
In Antarctica, there were just a few examples of successful uses of fix wing UAV in 413 
BVLOS operations. First time in 2007, a mini-UAV M2AV developed by the British 414 
Antarctic Survey and the University of Braunschweig (Germany) was used for meteorological 415 
research at Halley Station, South Weddell Sea (Sanderson, 2008; Spiess et al., 2007). In 416 
2008/2009, ship-based observations of free-drifting icebergs were supported by two models of 417 
UAVs (Plane-Sig Kadet Senior and Sig Rascal 110), which were launched from a ship 418 
(McGill et al., 2011). In 2009, Aerosonde UAVs were used in Terra Nova Bay (Ross Sea) to 419 
study the interaction of katabatic winds and sea ice formation (Cassano et al., 2010). 420 
Subsequent successful flights were conducted between Livingston Island and Deception 421 
Island (South Shetlands) in December 2011 by Ant-plane 3 and Ant-plane 6 specially 422 
designed for Antarctic conditions. This mission provided aeromagnetic and aerial 423 
photographic data from the northern part of Deception Island (Funaki et al., 2013, 2014). In 424 
2013/2104, GIX UAS performed first radar measurements of ice thickness of a fast-moving 425 
glacier with fine resolution to determine glacier bed topography and basal conditions over 426 
subglacial Whillans Lake and the WISSARD drill site in the central Antarctic (Leuschen et al., 427 
2014).  428 
 429 
5.2. Monitoring of Antarctic fauna: opportunities and limitations 430 
The use of UAVs to monitor the fauna in the Antarctic region seems highly efficient in 431 
comparison with other remote techniques, such as satellite imaging. Moreover, satellite 432 
imaging of breeding colonies to estimate the number of nests encounters difficulties (LaRue 433 
et al., 2014), including optimal terrain resolution parameters (e.g. medium-resolution Landsat-434 
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7 imagery 30 m pixel size; VHR satellite imagery ~0.60 m pixel size) (Lynch and Schwaller, 435 
2014). Obtaining good-quality material from satellites at an appropriate time may be difficult 436 
due to the specificity of the climate in this region, characterized by frequent occurrences of 437 
dense cloud cover and mist (Mustafa et al., 2012). Observations must be carried out at 438 
a strictly specified moment of the breeding chronology when animals are concentrated on the 439 
land. The dates of task-flights must be synchronized with the breeding chronology of each 440 
animal species under investigation (CCAMLR 2014). The limited time (e.g. approx. two 441 
weeks in the case of the breeding birds) to obtain proper aerial data also significantly 442 
increases the probability that extreme weather conditions will arise, which in turn 443 
considerably increases the risk that the whole mission will fail. Also, in the case of some 444 
species of penguin breeding together in the same colony, it is only possible to identify the 445 
total number of nests on UAV images (GDS: 0.07 m), and it is impossible to subdivide them 446 
into individual species. We noted this problem in the case of Adélie and chinstrap penguins 447 
mixed in the same breeding groups. The body sizes and the distances between the nests for 448 
both species are similar (see above chapter Results), so additional reference data from the 449 
ground level is needed. This problem does not exist in the case of other species like gentoo 450 
penguins, because the spatial pattern of their nests is significantly different from the other 451 
Pygoscelis species (Müller-Schwarze and Müller-Schwarze, 1975; Volkman and Trivelpiece, 452 
1981). Previous own study of UAV derived material (Zmarz et al. 2015) allowed to identify a 453 
strict differences in the distribution pattern of gentoo individuals incubating eggs within 454 
breeding group, comparing to the remaining two species. Such a characteristic was clearly 455 
visible and here is presented on Fig 6. According to Pfeiffer and Peter (2004) eleven bird 456 
species nest on Penguin Island, including nine flying marine birds, e.g. southern giant petrel 457 
(Macronectes giganteus) or south polar skua (Stercorarius maccormicki). However, no other 458 
species of birds were identified on UAV images, except for two penguin species. Taking into 459 
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account the body size, breeding chronology and specific nesting preferences, of all the flying 460 
bird species listed by Pfeiffer and Peter (2004) only the southern giant petrel (body size 85-461 
100 cm) could be identified on the analyzed photogrammetric material (GSD 0.07 m). Lack of 462 
identified southern giant petrel breeding sites on orthophoto were noticed. The reason of that 463 
could be an indistinguishable color of bird plumage on the rock background. 464 
The example of implementation of APQ-18 quadrocopters and APH-22 hexacopter to 465 
investigate Antarctic pinniped populations was reported by Goebel et al. (2015) and Krause et al 466 
(2017). Images obtained from the very low altitude (up to 45 m, 0.01-0.03 m GRD) were successfully 467 
used for estimation of the number  (Goebel et al., 2015), the mass and the body conditions (Krause et 468 
al., 2017) of fur seal and leopard seal species. According to our experience, identification of pinniped 469 
species in the UAVs images with a resolution of 0.07 m is also feasible and relatively effortless, 470 
because species characteristic pelage patterns and colors are clearly visible. Moreover, the average size 471 
of the bodies (e.g. the southern elephant seal: male 4.5-6.5 m, female 2.5-4.0 m, pup 1.3 m; Weddell 472 
seal: male 2.5-3.0 m, female 2.6-3.3 m, pup 1.2-1.5 m) is sufficient to be detected as a distinctive 473 
feature. 474 
UAVs with electric engines are reportedly less noisy than UAVs with combustion ones 475 
and when flying at 350 m AGL they cause practically no impact on the animals being 476 
monitored (Korczak-Abshire et al., 2016). However, potential influence on wildlife in the 477 
case of UAVs with combustion engines is very little (Korczak-Abshire et al., 2016), 478 
especially when compared with ground methods, or with multicopter UAVs which usually 479 
operate at much lower altitudes (Vas et al., 2015; Rümmler et al., 2016; Braun et al., 2014) 480 
than UAVs.  481 
 482 
5.3. Mapping vegetation 483 
It is extremely difficult to map Antarctic vegetation due to the very high spatial 484 
variability induced by the complex morphology of the terrain (Dąbski et al., 2017), patchy and 485 
 27 
 
mosaic character of microhabitats, extremely differentiated by abiotic features, e.g. water 486 
conditions, salinity and the nutrient content of the substratum (Nędzarek et al., 2014). This 487 
patchiness shapes the distribution of organisms and – combined with harsh climate conditions 488 
– causes poor development and loose vegetation cover (Chwedorzewska and Bednarek, 2008). 489 
Specific features of Antarctic vegetation distribution make even very high spatial resolution 490 
satellite imagery (pixel size of 0.5 m) unsuitable for mapping tundra extent in sufficient detail 491 
(Farwell et al., 2011; Lucieer et al., 2014). Thus, one of the key requirements for mapping the 492 
Antarctic vegetation distribution is the acquisition of ultra-high spatial resolution imagery, e.g. 493 
0.01 m pixel size or better, in order to capture the fine-scale spatial variability of tundra 494 
communities. Remote sensing imagery for mapping vegetation with ground-truth validation in 495 
Antarctica (and sub-Antarctic) is still in the trial stage. Some few exceptions are based on 496 
medium resolution imagery from Landsat on the Antarctic Peninsula (Fretwell et al., 2011), 497 
from SPOT in the Kerguelen archipelago (Robin et al., 2011) and also based on very high 498 
resolution image datasets from IKONOS on Heard Island (Murray et al., 2010) and Terra 499 
Nova Bay (Kim and Hong, 2012). Therefore, detail data on Antarctic vegetation are sparse 500 
and limited to easily accessible areas located mainly in the vicinity of research stations and 501 
based largely on traditional field study (Calviño-Cancela and Martín-Herrero, 2016). Using 502 
UAVs opens up new possibilities for mapping vegetation in very specific Antarctic conditions 503 
(Anderson and Gaston, 2013; Berni et al., 2009), especially in the Antarctic, where field 504 
studies employing the classic method of vegetation mapping are limited due to inaccessibility 505 
and scattering of ice-free areas. Moreover, the Antarctic tundra is very fragile and in some 506 
areas like e.g. wet moss-bed, any direct human impact can leave footprints for years 507 
(Chwedorzewska and Korczak, 2010). Small multicopters were already successfully used to 508 
collect visible, multispectral and thermal images of moss-beds, providing the non-invasive 509 
method to measure changes in their micro-topography (Lucieer et al., 2014) and physiological 510 
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state (Turner et al., 2014). Different types of cyanobacterial mats were identified and mapped 511 
in McMurdo Dry Valleys with a small fixed-wing UAV (Bollard-Breen et al., 2015). Thus, 512 
UAV-based remote sensing methods, represent an alternative for field study, allowing the 513 
survey of a broad area and reducing the perturbations derived from observers. Furthermore, 514 
the data obtained from UAV can be easily integrated into a geographic information system 515 
(GIS) and can constitute the basis for future broad analyses of environmental changes. Due to 516 
the patchy nature of the Antarctic tundra, dominated by cryptogams: lichens, mosses, algae, 517 
with only two native flowering plants (Ochyra, 1998; Ochyra et al., 2008; Olech, 2002, 2004), 518 
interspersed with bare ground, and the similarity between the species, the UAV collected data 519 
must be supported by ground direct observation or hyperspectral remote sensing (Black et al., 520 
2014; Shin et al., 2014; Vieira et al., 2014). Especially in the areas where communities are 521 
dominated by lichens this technique can fail and might lead to serious underestimation of 522 
vegetation cover area (Casanovas et al., 2015).  523 
 524 
5.4. Mapping landforms 525 
Very high spatial resolution of the images obtained allowed us to precisely map the 526 
landforms whose origin raised no doubts. However, there are significant areas of the island 527 
not recognized in terms of morphogenesis, which were named “other surfaces” (Fig. 6). They 528 
probably constitute lava flows covered by weathering mantle or fine-grained pyroclastic 529 
material. Only drilling or excavation would reveal structure and texture of the sediments and 530 
bedrock, and therefore provide evidence of the origin of the landforms. UAV imaging solely 531 
based on visual light is insufficient for full geomorphological mapping, nevertheless, it allows 532 
for precise determining of the spatial extent of typical, easy-to-recognize landforms. One of 533 
the greatest advantages of UAV geomorphological mapping is the fast execution rate and easy 534 
access to remote and desolate areas.  535 
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Hackney and Clayton (2015) emphasize advantages of UAVs platforms (fixed-wing 536 
and rotor-wing) and SfM photogrammetric technique in geomorphological studies, because 537 
they provide data of large spatial scales and high temporal resolution. The UAVs are 538 
increasingly used in a variety of geomorphological research, including studies of: river 539 
channels (Flener et al., 2007), erosion gullies (d’Oleire-Oltmanns et al. 2012; Grellier et al. 540 
2012), debris flows and alluvial fans (de Haas et al. 2014), landslides (Niethammer et al. 541 
2012), glacial landforms (Whitehead et al. 2013, Chandler et al. 2016), karstic landscape 542 
(Silva et al. 2017) or in structural geomorphology (Kasprzak et al. 2017). However, none of 543 
these studies utilized the BVLOS operations and all required physical presence of the 544 
researcher in or very close to the study site. The advantage and novelty of our operation was 545 
that it allowed us to picture remote and difficult-to-access landforms in the polar environment, 546 
located 30 km away from the operating team. 547 
 548 
5.5. Safety regulations 549 
The extreme meteorological condition and rugged terrain encountered in Antarctica 550 
present risks in the operation of UAV. There is legitimate concern that UAVs may pose a 551 
danger to the safety of people and infrastructure, especially in areas such as KGI, with 552 
multiple scientific stations with expanded facility belonging to different parties, an airstrip 553 
(Chilean Presidente Eduardo Frei Montalva Base) forming the transportation hub of KGI, and 554 
considerable air and marine tourist traffic constraints. Thus, there is a probability of 555 
unanticipated events like unplanned landings, aircraft loss, collisions with other airspace users 556 
or with infrastructure. But on the other hand, deployment of UAV to gather environmental 557 
data can significantly reduce the direct human impact on the objects monitored (e.g. by 558 
disturbing animals or trampling tundra) (Braun et al., 2014) and would provide less invasive 559 
methods of environmental data collection. The quick development in UAV-based 560 
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environmental data acquisition in Antarctica has outpaced our ability to assess its impact on 561 
wildlife and calls for regulatory guidelines. To address these issues, the authors initiated a 562 
monitoring program aimed at measuring the potential effects of UAV disturbance, first on 563 
breeding Adélie penguins (Korczak-Abshire et al., 2016), and later on gentoo penguins 564 
(Pygoscelis papua) and southern giant petrels. At the same time, the authors cooperated with 565 
the Antarctic Treaty Consultative Meetings/Committee for Environmental Protection 566 
(ATCM/CEP) on formulating safety protocols which were successfully used by us during the 567 
consecutive Antarctic field seasons (Poland, Government 2015, 2016, 2017a and 2017b). This 568 
subject is nowadays one of the priorities discussed during the ATCM to develop guidelines 569 
and Standard Operating Procedures that will enable safe and responsible used of this 570 
technology. Presently, the Council of Managers of National Antarctic Program (COMNAP) in 571 
cooperation with ATCM/CEP formed the basis of Handbook that should be viewed as a living 572 
document which, as UAV technology evolves, finds a new application. This Handbook will 573 
be reviewed at least twice a year to ensure safety of any other airspace users and of ground 574 
personnel, natural environment (especially area of ASPAs), infrastructure and equipment. 575 
Hazards and risks should be identified and assessed for each specific deployment as for any 576 
airborne object, advance notification and communications with other operators in any given 577 
region is essential to reduce the risk of harm (COMNAP RPAS 2017). 578 
 579 
6. Conclusions 580 
The BVLOS operation of fixed-wing PW-ZOOM UAV, equipped with a visual light 581 
camera and performed in harsh Antarctic conditions, allowed us to obtain high-quality 582 
photogrammetric material for monitoring the key elements of a polar ecosystem of Penguin 583 
Island. After their transformation into orthophoto and processing in GIS, the images obtained 584 
allowed us to produce precise maps of fauna, flora, and landforms and to collect quantitative 585 
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environmental data. The images obtained permitted to map the sites occupied by Adélie and 586 
chinstrap penguins, southern elephant and Weddell seals, and three types of tundra 587 
communities. Numerous landforms of volcanic, mass movement, fluvial, coastal and aeolian 588 
origin were mapped.  589 
We conclude that the use of UAV BVLOS operations improves environmental 590 
monitoring in polar regions by: extending the study area, increasing safety, reducing human 591 
footprints, increasing precision, and saving time. These are the features which permit 592 
repetitive observations of a variety of distant and hard-to-access areas which nowadays 593 
undergo environmental modifications due to climatic changes.  594 
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